In this study, we demonstrate that constitutive activation of Raf-1 oncogenic signaling induces stabilization and accumulation of Aurora-A mitotic kinase that ultimately drives the transition from an epithelial to a highly invasive mesenchymal phenotype in estrogen receptor a-positive (ERa þ ) breast cancer cells. The transition from an epithelial-to a mesenchymal-like phenotype was characterized by reduced expression of ERa, HER-2/Neu overexpression and loss of CD24 surface receptor (CD24 À /low ). Importantly, expression of key epithelial-to-mesenchymal transition (EMT) markers and upregulation of the stemness gene SOX2 was linked to acquisition of stem cell-like properties such as the ability to form mammospheres in vitro and tumor self-renewal in vivo. Moreover, aberrant Aurora-A kinase activity induced phosphorylation and nuclear translocation of SMAD5, indicating a novel interplay between Aurora-A and SMAD5 signaling pathways in the development of EMT, stemness and ultimately tumor progression. Importantly, pharmacological and molecular inhibition of Aurora-A kinase activity restored a CD24 þ epithelial phenotype that was coupled to ERa expression, downregulation of HER-2/Neu, inhibition of EMT and impaired self-renewal ability, resulting in the suppression of distant metastases. Taken together, our findings show for the first time the causal role of Aurora-A kinase in the activation of EMT pathway responsible for the development of distant metastases in ERa þ breast cancer cells. Moreover, this study has important translational implications because it highlights the mitotic kinase Aurora-A as a novel promising therapeutic target to selectively eliminate highly invasive cancer cells and improve the disease-free and overall survival of ERa þ breast cancer patients resistant to conventional endocrine therapy.
INTRODUCTION
Breast cancer is one of the most common malignancies affecting women in western countries. Prognosis of breast cancer is strictly dependent on tumor recurrence and development of distant metastases. 1 One of the major problems in eradicating metastatic cancer cells is their ability to self-renewal and to gain resistance to conventional anticancer drugs. 2 Invasive cancer cells undergo an epithelial-to-mesenchymal transition (EMT) process and acquire a more aggressive phenotype with increased capacity to develop distant metastases. [3] [4] [5] Specifically, EMT is a physiological process essential during embryonic development during which epithelial cells convert to a mesenchymal cell phenotype characterized by a loss of cell polarity and cell-cell adhesion, and gain active cell motility. 6 The increased motility and invasive behavior of cancer cells undergoing EMT is largely due to the loss of adhesion molecules such as E-cadherin and claudin and gain of mesenchymal proteins such as N-cadherin and vimentin. 7, 8 Importantly, it has been demonstrated that breast cancer cells that display EMT and invasive properties also lose the CD24 surface receptor and acquire a CD44 þ /CD24 À /low cancer stem cell-like phenotype implicated in tumor self-renewal, acquired chemoresistance and tumor progression. [9] [10] [11] Translational studies have demonstrated a relationship between a higher fraction of CD44 þ /CD24 À /low breast cancer cells within the tumor cell population and shorter disease-free and overall survival and with greater incidence of distant metastases. 12 
Importantly, CD44
þ /CD24 À /low cancer cells isolated from tumors that were initiated by these cells were able to form tumors when implanted at low density as secondary xenografts, demonstrating their capacity of self-renewal. 13 Studies on the molecular characteristics of breast cancer stem cells have demonstrated that CD44 þ /CD24 À /low cells lack differentiated cell lineage markers, are generally estrogen receptor a negative (ERa À ) and have a 10-to 50-fold increased ability to form tumors in non-obese diabetic/severe combined immunodeficiency mice when compared with the bulk of tumor cells. 14, 15 Notably, molecular analysis of the global genomic signature of CD44 þ and CD24
þ cells (normal and malignant) has shown how CD44 þ /CD24 À /low breast cancer cells show similar gene expression profiles to stem cells. 16 Moreover, tumors rich in CD44 þ /CD24 À /low breast cancer cells were characterized by the amplification of transforming growth factor-b signaling pathway, indicating the key role of transforming growth factor-b in the development of EMT, stemness and tumor progression. 17, 18 Constitutive activation of mitogen-activated protein kinase (MAPK) signaling pathway has also been implicated in the progression of breast cancer through the induction of chemoresistance and development of distant metastases. [19] [20] [21] [22] Deregulation of MAPK signaling pathway alone is usually not sufficient to induce a fully invasive phenotype, suggesting that additional 'hits' are required to promote the generation of metastatic cancer cells. 23, 24 Notably, cooperation between transforming growth factor-b and sustained MAPK signaling pathways induces EMT and an invasive phenotype in cultured mammary epithelial cells. 25 HER-2/Neu is one of the major growth factor receptors overexpressed in approximately 25% of breast tumors that activate the MAPK signaling pathway and is strongly associated with poor patient survival. 26 Recent evidence indicates that the constitutive activation of HER-2/Neu pathway induces EMT and has an important role in the maintenance of cancer stem cells. [27] [28] [29] [30] [31] [32] Although these studies have identified an important role for the MAPK signaling pathway in the development of EMT and clonal expansion of cancer stem cells, the molecular mechanisms linking constitutive MAPK activity with development of EMT, acquisition of a stem cell-like phenotype and tumor progression have not been fully elucidated. Here we identify a novel noncanonical cross-talk between MAPK and Aurora-A oncogenic signalings responsible for the development of distant metastases through the activation of EMT pathway in ERa þ breast cancer cells. Figure S1A) . Immunofluorescence demonstrated the maintenance of an epithelial phenotype of vMCF-7 DRaf-1 cells characterized by positivity for epithelial markers E-cadherin and b-catenin and lack of expression of the mesenchymal protein vimentin (Supplementary Figure S1B) . Next, we developed breast cancer xenograft models employing vMCF-7
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Aberrant
MCF-7 cells (Supplementary
DRaf-1 and parental MCF-7 cells as control to assess the extent to which constitutive activation of MAPK signaling pathway in vivo will induce the development of distant metastases. In contrast to MCF-7 parental xenografts, vMCF-7
DRaf-1 tumors were ERa þ , PR À and HER-2/Neu þ , displayed a poorly differentiated phenotype characterized by anaplastic cancer cells with high nuclear pleiomorphism and showed a higher rate of tumor growth, and also gave rise to spontaneous lung metastases by 90 days of tumor growth (Figures 1a and b and Supplementary Figure S1C) . vMCF-7
DRaf-1 breast tumors also exhibited centrosome amplification that was not observed in parental xenografts, indicating deregulation of cell cycle control during tumor progression in breast cancer cells harboring constitutive activation of MAPK pathway (Supplementary Figure S1D) .
Invasive breast cancer cells display Aurora-A kinase overexpression and loss of CD24 epithelial marker Immunoblotting of re-cultured cells from tumor xenografts (referred to as first generation derived from xenografts, 1GX) confirmed the immunohistochemistry results on breast cancer xenografts ( Figure 1c ). Because vMCF-7
DRaf-1 tumor xenografts developed centrosome amplification, we characterized the expression of the mitotic kinase Aurora-A, which has an important role in the development of centrosome abnormalities, genomic instability and tumor progression. Aurora-A expression and phosphorylation was greatly increased in vMCF-7
DRaf-1 1GX compared with parental cells (Figure 1c ). To establish whether HER-2/Neu and Aurora-A overexpression in vMCF-7
DRaf-1 1GX cells was the result of gene amplification, we performed a fluorescence in situ hybridization analysis employing probes for chromosomes 17, 20 and specific probes for HER-2/Neu and Aurora-A genes and found no indication of amplification of HER-2/Neu and Aurora-A genes in vMCF-7
DRaf-1 xenografts (Table 1) . To determine the extent to which HER-2/Neu and Aurora-A overexpression was due to increased transcriptional activity, we performed quantitative real-time reverse transcription-polymerase chain reaction. While HER-2/Neu mRNAs were overexpressed only in vMCF-7
DRaf-1 1GX cells, Aurora-A mRNA expression displayed similar levels in all cell lines (Supplementary Figure S1E) . These results indicate that HER-2/Neu overexpression is linked to increased transcriptional activity, whereas post-translational mechanisms likely regulate Aurora-A overexpression. To investigate whether Aurora-A overexpression was dependent on HER-2/Neu signaling, vMCF-7
DRaf-1 1GX cells were treated with lapatinib, a small-molecule inhibitor of HER-2/ Neu tyrosine kinase activity (Figure 1d ). Evidence of HER-2/Neu inhibition following treatment with 1 mM lapatinib is provided in Supplementary Figure S5A . Following treatment with 1 mM lapatinib, Aurora-A expression and phosphorylation was decreased significantly over time (Figure 1d ). Importantly, treatment of vMCF-7
DRaf-1 1GX cells with lapatinib did not affect the level of expression of Aurora-A mRNA (Supplementary Figure S1F) , demonstrating that abnormal accumulation of Aurora-A depends on activation of HER-2/Neu signaling pathway leading to phosphorylation and consequent stabilization of Aurora-A kinase.
To investigate whether in vivo growth of vMCF-7DRaf-1 cells leads to transciptome changes that are linked to their metastatic phenotype, we employed a microarray analysis using human Affymetrix chips to assess global genome expression in MCF-7 and variant cancer cells. From the comparison between breast cancer cells, we identified a differentially expressed invasive gene signature of 10 genes involved in EMT and tumor progression Figures S2A and B) . Next, we investigated the status of CD24 epithelial marker to determine whether loss of CD24 receptor was coupled to the development of distant metastases. Significantly, vMCF-7
DRaf-1 tumor xenografts developed tumor cell heterogeneity for the CD24 receptor ( Figure 1e ). Reduced expression of CD24 was confirmed in re-cultured cancer cells from vMCF-7
DRaf-1 xenografts compared with parental cells (Figures 1f and g ).
Aurora-A kinase overexpression is functionally linked to EMT and breast cancer stemness To establish the relationship between loss of CD24 expression and breast cancer progression, we injected vMCF-7
DRaf-1 and parental MCF-7 cells that express endogenous CD24 receptor into the tail vein of nude mice. The highly invasive basal-like MDA-MB 231 cell line that lacks CD24 expression was used as a positive control. Notably, only MDA-MB 231 cells consistently established lung metastases, whereas mice injected with MCF-7 and vMCF-7
DRaf-1 cells did not display any evidence of secondary lesions ( Figure 2a) . Next, we investigated the extent to which loss of CD24 expression in invasive vMCF-7
DRaf-1 xenografts was linked to a metastatic transcriptome signature. We employed human Affymetrix chips to assess global genome expression in CD24 þ and CD24
À /low subpopulations isolated from vMCF-7 DRaf-1 1GX cancer cells by fluorescence-activated cell sorting (FACS) (Figure 2b ). Comparison between CD24
þ and CD24 À /low subpopulations identified an invasive transcriptome signature of 11 genes involved in EMT, stemness and distant metastases (SMAD5, TIMP2, PCDH8, THBS1, CLDN1, SOX2, PAI-RBP1, SKY, NME3, HPSE and CHFR) (Figure 2b ). We than determined the expression and localization of important proteins involved in EMT, tumor progression and stemness in CD24 þ and CD24 À /low cancer cells. The breast cancer EMT marker CD44 and the tyrosine kinase receptor HER-2/Neu were overexpressed in the CD24 À /low subpopulation compared with CD24 þ cells ( Figure 2c ). CD24 À /low cancer cells showed a mesenchymallike morphology characterized by the loss of ERa, epithelial markers E-cadherin and b-catenin, and gain of the mesenchymal marker vimentin (Figures 2c and d) . Moreover, they overexpressed proteins promoting EMT and stemness (SMAD5 and SOX2) and downregulation of tumor suppressors involved in epithelial cell adhesion (PCDH8), Aurora-A kinase degradation (CHFR), suppression of metastasis (TIMP2) and angiogenesis (THBS1) that were identified earlier in the transcriptome analysis. Importantly, we also detected an increase in phosphorylation of SMAD5 (p-SMAD5) that was linked to its nuclear localization only in the CD24 À /low subpopulation (Figures 2c and d) indicative of induction of SMAD5 transcriptional activity during the epithelialmesenchymal phenotypic switch of breast cancer cells. Notably, the mitotic kinase Aurora-A was overexpressed and displayed a robust phosphorylation only in CD24 À /low cancer cells that also showed significant centrosome amplification (Supplementary Figures S3A and B ), indicating that Aurora-A kinase activity may promote the genesis of CD24 À /low cancer cells (Figure 2c ). To establish whether mesenchymal-like CD24 À /low cancer cells also displayed stem cell-like characteristics, we tested the ability of CD24 þ and CD24 À /low cancer cells to grow under non-adherent conditions and to generate mammospheres (an in vitro surrogate assay to determine self-renewal ability) from single-cell suspensions. Notably, only the CD24 À /low subpopulation successfully developed mammospheres from single-cell suspensions after three passages (Figure 2e ). To validate in vitro the self-renewal ability of the CD24 À /low subpopulation, we performed a fluorescence-activated cell sorting (FACS) analysis of CD24 þ and CD24 À /low cancer cells. Following sorting isolation, CD24 þ and CD24 À /low subpopulations were cultured for 10 days and FACS analysis was performed to determine CD24 expression. Only the CD24 À /low subpopulation reconstituted the extent of CD24 heterogeneity characteristic of bulk vMCF-7
DRaf-1 1GX cells, indicative of self-renewal ability (Figure 2f) . Finally, we investigated in vivo the tumorigenic activity of CD24 þ and CD24
À /low subpopulations. CD24 À /low cancer cells showed a 20-fold increased ability to form tumors in nude mice compared with CD24 þ cancer cells (Figure 2g ). Taken together, these results demonstrate that cancer cells harboring a CD24
À /low mesenchymal phenotype arise from CD24 þ cancer cells in ERa þ breast tumors and display Aurora-A overexpression, activation of EMT pathway and acquisition of stemness properties.
Aberrant Aurora-A kinase activity induces EMT and development of CD24 low/ À cancer cells
To investigate the causal role of Aurora-A kinase activity in the activation of EMT pathway, we overexpressed Aurora-A kinase to generate vMCF-7 Aurora-A and vMCF-7 DRaf-1/Aurora-A variants. Notably, Aurora-A overexpression in vMCF-7
DRaf-1 cells induced a similar expression profile as observed in vMCF-7
DRaf-1 1GX cancer cells. Overexpression of Aurora-A in parental MCF-7 cells resulted in a similar phenotype, although vMCF-7
Raf-1/Aurora-A cells displayed a stronger induction of EMT, suggesting a synergism between MAPK and Aurora-A signalings in the activation of EMT pathway (data not shown). Specifically, vMCF-7
DRaf-1/Aurora-A cells displayed Aurora-A hyperphosphorylation, CD44 and HER-2/Neu overexpression and loss of CD24 leading to the development of EMT and a mesenchymal-like cell phenotype (Figures 3a and b) . Importantly, vMCF-7
DRaf-1/Aurora-A cells showed overexpression of proteins promoting EMT and stemness (SMAD5 and SOX2) and downregulation of tumor suppressors involved in the Aurora-A kinase degradation (CHFR), suppression of metastasis (TIMP2) and angiogenesis (THBS1) previously identified in CD24 À /low cancer cells (Figure 3a) . We also detected an increase in the phosphorylation status of SMAD5 that was linked to its nuclear localization, demonstrating that Aurora-A kinase activity induced p-SMAD5 and its nuclear activation ( Figures  3a and b) . Next, we investigated whether activation of EMT pathway in vMCF-7
DRaf-1/Aurora-A cells was directly dependent on the deregulation of Aurora-A kinase activity or conversely was the result of HER-2/Neu overexpression. Evidence of HER-2/Neu inhibition following treatment with 1 mM lapatinib is provided in Supplementary  Figure S5B . As these cells overexpressed the Aurora-A lentivector construct, we did not expect a reduced Aurora-A kinase activity following inhibition of HER-2/Neu signaling as observed in vMCF-7
DRaf-1 1GX cells ( Figure 1d ). As expected, treatment with lapatinib þ and CD24 À /low cancer cells expressing the firefly luciferase reporter lentivector at 4 weeks after mammary fat pad injection. CD24 þ and CD24 À /low cells were injected into the mammary fat pad of nude mice and only CD24
À cells showed tumorigenic activity at a concentration of 100 000 cells.
EMT Figures S6A and B) . Treatment of mammospheres with 0.1 mM Alisertib for 72 h greatly reduced the number and size of mammospheres, demonstrating that inhibition of Aurora-A kinase activity impairs the self-renewal capacity of breast cancer cells (Supplementary Figures S6A and B) .
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Deregulated Aurora-A kinase activity induces the maintenance of CD24 À /low cancer cells through impairment of asymmetric cell divisions To establish at the mechanistic level the causal role of constitutive activation of Aurora-A kinase in the maintenance of a CD24 À /low mesenchymal-like phenotype, we performed FACS to isolate the CD24 À /low subpopulation from vMCF-7 DRaf-1 1GX cells (Figure 3d ). CD24
À /low cells were grown under culture conditions for 10 days and FACS analysis was performed to determine CD24 expression. A separate group of CD24 À /low cells was infected with a lentivector-expressing Aurora-A and cultured for 10 days as the control groups. While 92% of initially CD24
À /low cells became CD24 þ after 10 days, only 54% of CD24 À /low/Aurora-A cells gained positivity for the CD24 receptor, demonstrating that deregulated Aurora-A kinase activity induces the maintenance of a CD24 À /low phenotype (Figure 3d ). To investigate whether the mechanism by which Aurora-A increased the CD24 À /low subpopulation occurs through impairment of asymmetric divisions, we isolated CD24 þ and CD24 low/ À cancer cells from vMCF-7 DRaf-1 1GX cancer cells by FACS cell sorting and performed an immunofluorescence assay to label cells with NUMB protein, a well-characterized marker of asymmetric divisions (Figure 3e ). While only 3% of CD24 þ cells displayed asymmetric partition of NUMB into only one daughter cell, 39% of the CD24 À /low cells showed asymmetric partition of NUMB during cell division (Figures 3e and f) . Significantly, when CD24
À /low cells were infected with a lentivector-expressing Aurora-A, their asymmetric divisions were significantly suppressed (14%), resulting in the maintenance of a CD24
À /low phenotype in the majority of cells (Figures 3e and f) . In view of the fact that asymmetric divisions of stem cells are compromised in the presence of centrosome amplification, 33 we analyzed the centrosome phenotype in vMCF-7
DRaf-1 cells overexpressing Aurora-A. vMCF-7
DRaf-1/Aurora-A cells displayed centrosome amplification compared with parental vMCF-7
DRaf-1 Figures S3C and D) , indicative of maintenance of CD24
cells (Supplementary
À /low cells through the development of centrosome amplification and impairment of asymmetric divisions.
Pharmacological inhibition of Aurora-A kinase activity in vitro reverses EMT and impairs the self-renewal ability of CD24 À /low cancer cells To investigate in vitro the causal role of Aurora-A kinase activity in the activation of EMT pathway and stemness, breast cancer cells were treated with a novel small-molecule inhibitor of Aurora-A, Alisertib (Millennium, Cambridge, MA, USA). First, we established the selectivity of Alisertib in the inhibition of Aurora-A kinase activity through global genome expression in vMCF-7
DRaf-1 1GX cells that express high levels of endogenous Aurora-A (Figure 1c) . vMCF-7
DRaf-1 1GX cells were treated with 1 mM Alisertib or with an expression vector carrying short hairpin RNA (shRNA) Aurora-A (Supplementary Figure S4A) . The resulting transcriptome analysis showed that treatment with Alisertib or shRNA Aurora-A compared with control cells resulted in 90% overlap gene expression profiles (Figure 4a) . To determine the effect of inhibition of Aurora-A kinase activity on cell cycle progression, breast cancer cells were treated with 1 mM Alisertib for 24 h and cells were arrested in the G2/M phase of the cell cycle (Supplementary Figure S4B) . Immunoblot analysis of breast cancer cells showed that treatment with 1 mM Alisertib suppressed Aurora-A kinase activity, reduced PLK1 expression and activated the p53-mediated G1/S cell cycle checkpoint. Importantly, activation of apoptosis was detected by cleaved poly-ADP ribose polymerase (PARP) only in vMCF-7
DRaf-1 1GX cells that express high levels of Aurora-A (Supplementary Figure S4C) . These results demonstrate that vMCF-7DRAF1 1GX cells overexpressing displaying Aurora-A are more chemosensitive to molecular inhibition of Aurora-A kinase activity by Alisertib. Treatment of cancer cells with Alisertib also induced a multinucleated phenotype in vMCF-7
DRaf-1 1GX cells (Supplementary Figure S4D) . Next, we wanted to determine whether Alisertib restored a CD24 þ epithelial phenotype through selective activation of apoptosis in CD24
À /low cells. Treatment of vMCF-7
DRaf-1 1GX cells with 1 mM Alisertib significantly increased the percentage of cells expressing the CD24 receptor (Figure 4b) . Importantly, we determined that the genesis of a CD24 þ phenotype following treatment with Alisertib was linked to a higher cytotoxic effect in the CD24 À /low subpopulation that overexpressed Aurora-A (Figure 4c) . Additionally, at the cellular level, B37% of CD24 À /low cells displayed cleaved PARP following Alisertib treatment in contrast to CD24 þ cells where only B11% showed activation of apoptosis (Figures 4d and e) . These results demonstrate that CD24 À /low cancer cells were more sensitive to the cytotoxic effects of Alisertib. To establish whether Alisertib also induced a CD24 þ epithelial phenotype through reversion of EMT, we isolated the CD24 À /low subpopulation from bulk vMCF-7
DRaf-1
1GX cells by FACS sorting and CD24
À /low cells were treated with 1 mM Alisertib (Figure 4f) . At the molecular level, inhibition of Aurora-A kinase activity increased the expression of ERa and CD24, while CD44 and HER-2/Neu expressions were significantly reduced (Figure 4f ). Reversion of EMT by Alisertib treatment was characterized by increased expression of epithelial markers E-cadherin, b-catenin and PCDH8 and loss of the mesenchymal marker vimentin, demonstrating that Aurora-A kinase activity has an important role in the development of EMT and the genesis of CD24 À /low mesenchymal-like cancer cells (Figures 4f and g ). Treatment with Alisertib was also coupled to decreased p-SMAD5, demonstrating a mechanistic linkage between Aurora-A kinase activity and nuclear activation of SMAD5 in the development of EMT (Figures 4f and g ). Moreover, inhibition of Aurora-A kinase activity induced expression of THBS1, CHFR and TIMP2 tumor suppressors (Figures 4f and g ). To investigate the extent to which inhibition of Aurora-A kinase activity also interferes with selfrenewal capacity and stemness of CD24
À /low cells, we treated cell suspensions generated from the CD24 À /low subpopulation with 0.1 mM Alisertib for 72 h. Treatment with Alisertib greatly reduced the number and size of mammospheres, demonstrating that inhibition of Aurora-A kinase activity impairs the self-renewal ability of CD24 À /low cells (Figure 4h) . Moreover, to validate the chemosensitivity of CD24 À /low cells to Alisertib in a different breast cancer cell model, we employed the triple-negative SUM149-PT cells (Figure 5a ). Mammospheres derived from SUM149-PT cells displayed an increased Aurora-A kinase activity compared with adherent cells (Figure 5b) . Importantly, mammospheres developed a CD24 À /low phenotype compared with adherent cells and were more sensitive to the cytotoxic effects of Alisertib (Figures 5c and d) . Taken together, these results demonstrate for the first time the causal role of Aurora-A kinase activity in the activation of EMT pathway and the genesis of CD24 À /low mesenchymal-like cancer cells.
Molecular targeting of Aurora-A kinase activity in vivo restores a CD24 þ epithelial phenotype and inhibits the development of distant metastases We employed the shRNA Aurora-A vector (Supplementary Figure  S4A) to inhibit in vivo Aurora-A kinase activity and suppress the development of breast cancer metastases. First, we established vMCF-7
DRaf-1 xenograft orthotopic tumors expressing luciferase to monitor tumor growth in living animals over a period of 8 weeks (Figure 6a ). Following 8 weeks of tumor growth, primary tumors were injected with vectors expressing Aurora-A-targeted shRNAs (lower row), while a separate group of animals were injected with 'empty' vectors and used as control groups (upper row). Three intratumoral sites were injected for each animal and repeated three times a week for up to 4 weeks, the animals were than euthanized, primary breast tumors and lungs were removed, EMT transition in ERa þ cells Aurora-A kinase activity AB D'Assoro et al prepared for histology and assayed to determine the presence of metastatic dissemination. vMCF-7 DRaf-1 xenografts that did not receive treatment with shRNA Aurora-A developed a poorly differentiated phenotype that was associated with the development of lung metastases (Figure 6a) . Remarkably, the Aurora-Atargeted shRNA treatment resulted in significant tumor shrinkage, extensive necrotic tumor tissue and failure to give rise to lung metastases (Figures 6a and b) . To determine whether the mechanism responsible for the suppression of lung metastases was linked to the decrease of CD24 À /low mesenchymal subpopulation, we re-cultured cancer cells from metastatic and nonmetastatic xenografts (vMCF-7
DRaf-1 1GX-M and vMCF-7 DRaf-1 1GX-NM, respectively). Importantly, FACS analysis showed that the percentage of CD24 À /low cancer cells was significantly decreased in vMCF-7
DRaf-1 1GX-NM cells (B15%) compared with the invasive vMCF-7
DRaf-1 1GX-M cells (B32%) (Figure 6c) . At the molecular level, vMCF-7
DRaf-1 1GX-NM cells displayed suppression of EMT pathway linked to a CD24 þ epithelial phenotype, gain of ERa expression, loss of Aurora-A phosphorylation and reduced CD44 and HER-2/Neu expression in contrast to vMCF-7
DRaf-1 1GX-M cells (Figure 6d ). Suppression of EMT was linked to reduced expression and phosphorylation levels of SMAD5, reduced expression of the stemness gene SOX2, re-expression of epithelial markers E-cadherin, b-catenin and PCDH8 and loss of the mesenchymal marker vimentin (Figures 6d and e) . Moreover, the lack of development of distant metastases in vMCF-7
DRaf-1 1GX-NM cells was linked to increased expression of inhibitors of Aurora-A kinase activity (CHFR), invasion (TIMP2) and angiogenesis (THBS1) (Figure 6d ). Taken together, these results demonstrate that deregulated Aurora-A kinase activity induces EMT in initially CD24
þ breast cancer cells, conferring the ability to develop a CD24 À /low mesenchymal-like phenotype and metastasize to distant organs. Importantly, they also validate in vivo the causal role of Aurora-A kinase activity in the induction of EMT responsible for the genesis 
of CD24
À /low mesenchymal-like cancer cells and ultimately distant metastases.
DISCUSSION
In this study, we established a novel oncogenic cross-talk between Raf/MAPK and Aurora-A signaling pathways in the development of EMT, stemness and tumor progression in ERa þ breast cancer cells. Earlier, it was demonstrated that constitutive activation of Raf/ MAPK signaling pathway drives EMT, stem-like properties and metastases. 34, 35 Moreover, recent findings also demonstrate that Raf-1 gene amplification activates p-ERK-b-catenin signaling to promote the expansion of breast cancer stem cells. 36 Overexpression of HER-2/Neu also induces EMT, chemoresistance and breast cancer metastases and is found in approximately 25% of invasive breast carcinomas and is strongly associated with poor patient survival. 37, 38 However, the presence of HER-2/Neu overexpression and increased MAPK activity in 50-60% ductal carcinoma in situ raises the question of whether other oncogenic signaling pathways are necessary during tumor growth to induce EMT, stemness and the transition from a non-invasive to a fully invasive breast cancer phenotype. 39 Here we show that constitutive activation of the MAPK alone is not sufficient to confer EMT in cultured ERa þ vMCF-7 DRaf-1 breast cancer cells. However, during in vivo growth vMCF-7
DRaf-1 tumor cell xenografts acquired tumor cell heterogeneity for CD24 epithelial marker, overexpression of HER-2/Neu receptor and gave rise to distant metastases. At the molecular level, HER-2/Neu overexpression induced accumulation of the mitotic kinase Aurora-A, which was associated with a CD24 À /low mesenchymal phenotype and cancer stem-like cell properties, including activation of SMAD5, selfrenewal, the ability to form mammospheres from single-cell suspensions and high tumorigenic activity in vivo. Importantly, another alternative mechanism to induce Aurora-A overexpression is DRaf-1 1GX-NM cells. E-cadherin and p-SMAD5 were labeled in red, b-catenin and vimentin were labeled in green and DNA was labeled in blue with Hoechst dye.
EMT transition in ERa þ cells Aurora-A kinase activity AB D'Assoro et al linked to the loss of CHFR, a tumor suppressor involved in Aurora-A degradation. 40 We also identified the mechanism by which Aurora-A maintains the CD24 À /low mesenchymal phenotype through the development of centrosome amplification and disruption of asymmetric divisions. Overexpression of Aurora-A induced the upregulation of HER-2/Neu, demonstrating a positive feedback loop between these oncogenic signaling pathways, yet inhibition of HER-2/Neu signaling did not reverse EMT, thereby demonstrating that the Aurora-A kinase activity is downstream to HER-2/Neu signaling. Molecular inhibition of Aurora-A kinase activity in vitro and in vivo resulted in the suppression of HER-2/Neu expression, reduced p-SMAD5, gain of a CD24 þ epithelial phenotype and suppression of distant metastases. Taken together, these experiments demonstrate for the first time a non-mitotic role for Aurora-A kinase in the development of EMT, stemness and tumor progression (Figure 7) . Finally, this study highlights the translational relevance of Aurora-A kinase as a promising therapeutic target to suppress EMT and tumor progression in ERa þ breast cancer patients.
MATERIALS AND METHODS
Human breast cancer cell lines
The human breast cancer cell lines MCF-7, MDA-MB 231, SUM149-PT and BT-474 were obtained from ATCC (Manassas, VA, USA). The MCF-7 cells overexpressing the Raf-1 oncoprotein were generated as described previously. 
Human breast cancer xenografts
Procedures established by the Institutional Animal Care and Use Committee based on US NIH guidelines for the care and use of laboratory animals were followed for all experiments. A 4-week-old non-ovariectomized female NCR/ Nu/Nu nude mice were anesthetized by exposure to 3% isoflurane and injected subcutaneously with 2 Â 10 6 cells suspended in 50 ml of 50% Matrigel (BD Bioscience, Bedford, MA, USA). Tumor localization and growth was monitored using the IVS imaging system from the ventral view 10 min after luciferin injection. After 12 weeks, mice were killed and xenograft tumors were processed for histology, immunohistochemistry and immunofluorescence analyses as described previously. 43, 44 To re-establish cultures from 1GX explants, tumors were excised from killed animals, minced using sterile scissors, transferred to complete culture medium and fibroblast-free tumor cell lines were established by serial passages in culture. A separated group of nude mice (five in each group) received intratumoral injection (three times a week) of 100 mg of PSSH1 empty shRNA (control) or PSSH1 Aurora-A shRNA plasmids diluted in 100 ml of FuGENE 6 (Roche, Indianapolis, IN, USA) for a total of 4 weeks.
Isolation of CD24
þ and CD24 À /low cancer cells 
Mammospheres formation CD24
þ and CD24 À /low cells were plated in ultra-low attachment 96-well culture dishes in 100 ml of MammoCult medium (STEMCELL Technologies, Vancouver, BC, Canada), 25 ml of medium was added every 2 days for a maximum of 8 days. Mammospheres' formation was recorded every 2 days through a digital camera (Nikon, Melville, NY, USA).
Genomic analysis
Gene microarray and cytogenetic analyses were performed as described previously. 5 The raw data regarding the transcriptome analysis can be accessed at: http://www.ncbi.nlm.nih.gov/geo/info/linking.html.
Quantitative real-time reverse transcription-polymerase chain reaction 
Construction of shRNA vectors
The PSSH1 shRNA suppression plasmid was described previously. Briefly, it contains the H1 RNA polymerase III-dependent promoter for the generation of shRNA molecules. shRNA oligos directed against the 39 untranslated region of Aurora A (5 0 -TAGGGATTTGCTTGGGATA-3 0 ) were annealed and cloned into the BglII/HindIII cloning site at the 3 0 end of the RNA polymerase III-dependent H1 RNA promoter-driven vector. Clones containing the insert were identified and sequenced to ensure fidelity. Figure 7 . Induction of EMT and breast cancer progression through aberrant activation of Aurora-A kinase activity. Constitutive activation of HER-2/MAPK signaling pathway during tumor growth leads to stabilization and accumulation of Aurora-A kinase. Aurora-A kinase activation in turn increases the expression levels of HER-2/Neu receptor, creating a 'positive feedback loop' between HER-2/Neu and Aurora-A tumorigenic activity. Aberrant Aurora-A kinase activity induces EMT and the development of a mesenchymal phenotype responsible for distant metastases. Targeting Aurora-A kinase signaling pathway can be effective for eliminating highly invasive breast cancer cells and suppress tumor progression.
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